This paper puts forward an optimal power allocation algorithm based on maximum rate and interference constraint, aiming to solve the shortage of spectrum resources and enhance spectrum utilization efficiency and channel data rate in cognitive radio (CR) networks. Specifically, the maximization of successful bit transfer rate was converted into a convex optimization problem using the cognitive relay system model, and then the optimal power allocation plan was derived under the Karush-Kuhn-Tucker (KKT) conditions. The proposed algorithm was compared with another two algorithms through simulation experimental simulation. The results show that our algorithm outperformed the contrastive algorithms in channel utilization rate. The proposed algorithm can reduce the outage probability, increase the overall data rate and enhance channel utilization of CR networks.
INTRODUCTION
The rapid development of wireless communication networks has stimulated the demand for high-data rate services. However, the radio frequency bands required by most wireless communication systems are scarce spectrum resources. The shortage of spectrum resources can be solved by the cognitive radio (CR) technology. The CR, known for its learning ability and information exchange with the surrounding environment, has been adopted to sense and utilize the available spectrum in the space, thereby reducing the spectrum conflicts and improve spectrum utilization efficiency [1] [2] [3] . In CR systems, the licensed spectrum can be used by informal users, a.k.a. secondary users (SUs), provided that the primary users (PUs) have received quality services. In other words, a CR system will provide the SUs with spectrum access in a flexible and intelligent manner, without affecting the use of the SUs [4, 5] . There are now two types of spectrum access methods, namely, the opportunistic access and spectrum sharing. The former method allows the SUs to send data in a spectrum segment only if the segment is not occupied by PUs data transmission. By contrast, the spectrum sharing approach allows the SUs and the PUs to transmit data in the same time period, but the interference level of the SUs to the PUs must be kept below a certain threshold, eliminating the interreference in the PUs communication [6] .
Many new algorithms have emerged for the power allocation of CR systems. For example, Liu et al. [7] designed a multi-channel CR spectrum-aware algorithm for the SUs and power allocation, which aims to maximize the total throughput of all sub-channels of the SUs based on the existence condition of the PUs; specifically, the sub-channel SUs and transmission power are jointly allocated through alternate direction optimization, thereby enhancing the SUs throughput. Luo et al. [8] developed a CR network power allocation algorithm based on optimal relay selection; the algorithm, using orthogonal frequency division multiplexing modulation (OFDM), derives the joint power optimization and allocation strategy for cognitive source node and optimal relay nodes, which maximizes the information transmission rate of cognitive users, suppresses system interference, and improves system performance. Lu et al. [9] proposed a CR two-way relay plan adapted to low signal-to-interference + noise ratio (SINR) as well as its optimal power and time slot allocation; targeting the shortage of spectrum resources, this fairness-based plan offers a two-way relay algorithm for optimal power allocation that can realize the achievable end-to-end rate of two-way communication. Li et al. [10] put forward a CR network power allocation algorithm based on sequential search and beamforming; the algorithm can effectively improve network performance in two steps: solving the corresponding nonconvex optimization problems through uniform quantization and sequential search, and conducting multi-variable search under single-input multi-output and multi-input single-output cognitive links. Mahdi et al. [11] created a power allocation algorithm for CR networks based on nonlinear analysis of power amplifier; considering the signal-to-noise ratio (SNR) of the received signal and channel interference, the algorithm adjusts the parameters of the power amplifier within a limited dynamic range, and deduces the probabilistic analytical expression of data transmission, thus improving the power consumption of the system. Based on the hybrid automatic repeat request (HARQ) main system, Song et al. [12] came up with a power allocation algorithm adaptive to the CR network rate, in which the main system analyzes the mean throughput of the primary and secondary systems by the HARQ and prepares the optimization equation to maximize the mean network throughput.
In light of the above, this paper attempts to design a method for the SUs to effectively utilize spectrum resources with minimal interferences to the PUs through adjustment of the system power, when the spectrum sharing is adopted as the spectrum access method.
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COGNITIVE RELAY SYSTEM MODEL
Our research tackles a CR system containing a base station, a PU, a pair of SUs, and n relay nodes. The system obeys the following assumptions: the two SUs have no directly connection, but exchange information between two time slots via the cognitive relay nodes [13, 14] ; all nodes are synchronized and work in half-duplex with a single antenna; the SUs and PU share the spectrum at the transmitter and the instantaneous channel state information is available; the data transmission is subjected to additive noise and the path loss exponent λ(λ>0) is affected by flat Rayleigh fading.
The cognitive relay system model mainly focuses on the communication between the two SUs, denoted as SU1 and SU2, under the amplify-and-forward (AF) relay protocol with the aid of relay Re [15] [16] [17] . In the first time slot, the SU1 and SU2 respectively transmit the unit power signals S1 and S2 to the relay Re. Then, the power signal received by the Re can be expressed as: (1) where g1 and g2 are the channel gains from the two SUs to the relay, respectively; p1 and p2 are the transmitting powers of SU1 and SU2, respectively; ψR is the additive white Gaussian noise in the relay Re; γR is the interference from the PU. In the second time slot, the relay Re broadcasts the amplified signal. The amplification gain can be expressed as: (2) where is the maximum additive white Gaussian noise in the relay Re; is the maximum interference from the PU to the relay Re; pRe is the transmitting power of the relay Re.
Assuming that the signal is sent from the relay to the SU and the reverse channel gain is the reciprocal of the channel gain, the signals received by SU1 and SU2 via the relay Re can be respectively described as:
where ψ1 and ψ2 are the additive white Gaussian noises in SU1 and SU2, respectively; γ1 and γ2 are the interference from the PU to SU1 and SU2, respectively. Assuming that each user knows about the relay amplification factor and has its own transmission symbol, and that the self-interference can be removed from the received signal, the SINRs of SU1 and SU2 can be respectively depicted as:
where WRe, W1 and W2 are
POWER ALLOCATION ALGORITHM BASED ON RATE OPTIMIZATION AND INTERFERENCE LEVEL CONSTRAINT
Let vs be the maximum total successful bit transfer rate in SUs communication and PT is the maximum interference level allowed by the PU. An excessively high total power of SUs communication may cause great interference to the PU, and waste lots of resources. Hence, it is assumed that pRe is the total transmitting power available for secondary users SUs and the relay Re. Then, the maximum total successful bit transfer rate vs can be expressed as: (10) where v1 and v2 are the instantaneous rates of SU1 and SU2, respectively; Pi,u is the probability that the defined instantaneous rate v1 is below the required data rate vT,1:
Thus, the outage probabilities of SU1 and SU2 can be respectively calculated as: (12) (13) where dr,1 and dr,2 are the distance between the relay and SU1 and SU2, respectively; ζ1 and ζ2 can be respectively expressed as: (14) (15)
However, it is difficult to calculate the exact vs because the instantaneous rate vi varies with the elapse of time. As a result, the instantaneous rate is replaced here by the required data rate vt,1 to approximate the total successful bit transfer rate. The ( ) 
result will be smaller than the effective value. In this way, the maximization of successful bit transfer rate can be converted into:
Therefore, the objective function is also a convex optimization problem, for the function is a linear combination between P1,u and P2,u and all constraints are linear. Such a problem can be solved under the Karush-Kuhn-Tucker (KKT) conditions, making it possible to obtain different effective solutions. The KKT conditions are generally solved by expressing the objective function in Lagrangian form and deriving the necessary conditions for the optimal value. In the CR network, different optimal solutions should be adopted according to the possible cases under the conditions of actual user environment. Here, all possible cases of the CR network are taken into account and the optimal solution in each case is obtained. The specific steps are as follows:
Case 1: The interference is below the power level threshold. The total available power is limited when the interferences from SU1, SU2 and the relay to the PU are below the power level threshold set by the PU. In this case, the performance of all nodes should be optimized through thorough utilization of the total power. Considering the relatively high complexity, the solution was simplified as follows under the assumption that the two SUs are subjected to roughly the same noise and interference: (17) (18) (19) In this way, the maximum transmitting powers of SU1 and SU2 can be obtained without exceeding the interference level threshold set by the PU.
Case 2:
The interference starts to exceed the power level threshold, suppressing the transmitting power of the relay. Since the relay is the closest to the PU, the power allocation optimization can be described as:
Case 3: The interference starts to exceed the power level threshold, suppressing the transmitting powers of the SUs. It can be found that the objective function will be a monotonically increasing function of the relay power. To optimize the successful bit transfer rate, the relay should be assigned the maximum possible power. Nevertheless, the assignment may cause the relay power to exceed the interference level threshold of the PU. Therefore, the maximum transmitting power of the relay should be determined according to the minimum transmitting powers pmin,1 and pmin,2 of SU1 and SU2:
Case 4: The interference starts to exceed the power level threshold, suppressing the transmitting powers of the SUs and the relay. In this case, the total successful bit transfer rate converges to a certain level, making it meaningless to increase the total power. Therefore, the optimal power allocation plan can be described as: 
EXPERIMENTAL SIMULATION AND RESULTS ANALYSIS
This section verifies the performance of the proposed optimal power allocation algorithm under the interference level threshold set by the PU, and compares the algorithm with Li's algorithm and Majidi's algorithm [10, 11] . The three algorithms were simulated with the same parameters.
The total power was changed in (0dB, 50dB) and the relay was located between the two SUs. The path loss factor was α=4, and the other simulation parameters were set as: W1=0. 4 
rates and channel utilization rates of the three algorithms at different total powers are displayed in Figures 1, 2 and 3 , respectively.
Figure 1. Outage probabilities at different total powers
As shown in Figure 1 , the outage probabilities gradually decreased with the growth in total power. At a low total power, the communication was poor as the SUs were not efficiently accessed to the channel, which pushes up the outage probabilities. After the total power increased to 30 dB, the decline of outage probabilities of the three algorithms became gentle and approached zero, despite any further growth of the total power. Among them, the proposed algorithm was faster than the other two algorithms in the reduction of outage probability when the total power rose from 5 dB to 30 dB. This means our algorithm can reduce the outage probability faster than other algorithms with the gradual increase of the total power. As shown in Figure 2 , the total successful bit transfer rates exhibited a gradual growth with the increase of the total power. Our algorithm enjoyed the largest growth amplitude. When the total power reached 30 dB, the growth rate of our algorithm started to slow down but stayed above 2.5 kbps/s, and eventually reached 3.5 kps/s, while the contrastive algorithms failed to surpass 2.5 kbps/s. The comparison shows that the total successful bit transfer rate, as well as the data transfer rate, of the proposed algorithm is faster than that of the other two algorithms.
Figure 3. Channel utilization rates at different total powers
As shown in Figure 3 , the proposed algorithm utilized the channel less efficiency than the other two algorithms when the total power was below 15 dB. However, the channel utilization rate of our algorithm increased much more significantly than that of the contrastive algorithms after the total power surpassed 15 dB. This means our algorithm is more prone to the effect of total power variation than the other algorithms. However, our algorithm is still more efficient in channel utilization than these algorithms, because it could achieve a greater-than-95 % channel utilization rate, compared to lessthan-85 % of the latter.
CONCLUSIONS
This paper proposes an optimal power allocation algorithm for CR networks based on maximum rate and interference level constraint. Firstly, a single-antenna half-duplex cognitive relay system was established to analyze the maximum interference level allowed by the PU. Then, the objective function for the maximum total successful bit transfer rate was put forward through exploring the outage probabilities and transmitting powers of the two SUs. After that, the power allocation to the relay nodes was optimized under the KKT conditions, coupled with the linear constraint formulas on the interference level and relay power. Finally, the proposed algorithm was compared with two other algorithms through experimental simulation. The results show that our algorithm outperformed the contrastive algorithms in reducing outage probability, improving total data rate and enhancing channel utilization rate. 
